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ACOUSTICAL PROPERTIES OF RUBBER
AS A FUNCTION OF CH2mICAL COMPOSITION

Prepared by:

W. S. Cramer and I. Silver

ABSTRACT: Mdeasurements have been made of the complex
bulk modulus of 49 separate rubber formulations at
1500 cps and 300C. and of the complex Young's modulus
for the same sat-iples over the frequency range 1-5 kc
at 300C. The bulk modulus was measured by a resonant
water column method , and the Young t s modulus was
obtained by measuring the velocity and attenuation of
progressive sound waves in thin rubber rods. Both
results are given in the form of a complex modulus
E(1 * � ??) where E. the real part, is -primarily a
measure of stiffness and • , the loss factor,
measures the proportion of the total available energy
lost per cycle.

The samples tested were rxade from eight common types
of rubber in which variations in the type and content
of filler and/or plasticizer were carried out.
Results on these samples showed that the real part of
the Young's modulus, for these frequencles, ranged
from 2 x 107 to 2 x 109 dynes/cm2 with an associated
loss factor of from 0.1 to 1.4. The real part of the
bulk modulus ranged from 2ol x 1010 to 3.3 x 1010
dynes/cm- with a bulk loss factor of from 0 to 0.110O
In the range studied the real part of the Young's
modulus and the associated loss factor both increased
with frequency.

The analysis of the data in terms of .the chemical
composition led to the following main conclusions;

a. The real part of the Young's modulus increased
monotonically with filler content. The small particle-
size carbon black reinforcing type of filler produced
substantially more change for a given weight than larger
particle-size blacks and non-reinforcing type fillers
such as titanium dioxide. It was also found that a
given filler did not have the same proportionate effect
on the Young's modulus for different rubbers.

i
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b. The real part of the bulk rodulus showed a
similar but smaller effect with filler content. For
example, the addition of 50 parts by weight (to 100 parts
of pure rubber) of a carbon black filler increased the
Young's modulus by approximately 500% while the bulk
modulus increased by about 15% for the same material.
Also it was found that for some non-reinforcing fillers
a point was reached after which increased loading gave a
decreasing modulus

C. The addition of a plasticizer to the material
resulted in a substantial decre-ase in the renl parts of
both moduli for one Z"pe of plasticizer while other types
produced no change or a slight Increase.

d. The bult velocity changed very little with loading
or rubber time, The values raiged between 1.4 x lOJ in/sec
and 1.6 sx 100 /sec for all satnples. For the same samples
the strip velocity varied between 44 m/sec and 410 r/sec.

e. The characteristic acoustic impedance (pc) of
the butyl, natural, and GR-S rubbers could be made to match
that of water with small amounts of loading. The other
types of rubber had substantially higher values than that
of water.

f. The lots factor vq for the Young's modulus was
highest for Hycar PA and butyl with values over 1.0 while
natural rubber and GRaS had thcŽ lowest with values of the
order of 0,3 or less.

g. The loss factor for the Young's modulus increased
slightly with loading for small amounts of filler (about 10
parts) and then decreased strongly with loading for larger
amounts of filler. There is some evidence that the loss
may start to Increase again with still higher loadings
possibly due to frictional losses between the filler parti-
cles.

h. The loss factor for the bulk modulus was less than
.020 for most samples and quantitative conclusions on the

effects of filler and plasticizer concentrations are in
general not warranted. The loss factor for unloaded butyl
was 0.110 which is considerably higher than that of any other
rubber tested. Loading the butyl decreased this loss factor.

U. S. NAVAL ORDNANCE LABORATORY
WHITE OAKq VARYLAND
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This report presents data obta;Lned under a research
program entitled "The Acoustic Properties of Plastic
Materials•. The ROL task number of this project is
FR-5-51. This report has been preceded by NAVORD Report
1534 describing a set of apparatus used in obtaining the
data and will be followed by other reports on various
phases of this work. M-uch of the data contained herein
is not available in published :E'orm elsewhere and is
presented here in detail for the information and possiblo
use of workers in this field. This report is presented
3ointly by the Physics Re.earch Department and the
Engineering Department since pursoimol from both depart-
ments collaborated in obtaining the data. The division
of responsibilities is explained in the introduction of
the report.

V. G. SCHINDLER
Rear Admiral, USN
(:ommandpr

ESLZE IW. BALL
Chief, Physics Research Department
by direction

S. W. BOOTH
Chief, Engineering Department
By direction
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ACOUJSTICAL POPERTIE~S OF' RUMBBI
AS A FUNCTION OF CHENICAL COL1POSITION

INTRiODUJCTIO N

lo This, report presents some preliminary resui~lts of a
study of the dynaraic properties of elastomerici materials
by acoustic methods# This project is made possible by a
collaboration between the Physics Research Department
(Acoustics Research Division) and the Engineering Department
(Chemistry Division, Plastics Subdivision). The Acoustics
Research Division is responsible for the design and develop-b
ment of the acoustical apparatus, the taking of datti.,and the
validity of the results. The Chemistry Division is respon-
sible for planning and carrying out a program to provide
representative rubber specime~ns with regard to type, choice-
of compounding Ingredients molding procedures and molecular
weights,, Both divisions wIll attempt to correlate the
acoustical behavior with the cher,.cal structure of the rubber.

2, In addition to the authors, ~iubstantial contrIbutions to
this work were made by the following: C. S. Sandier, now at
the Bureau of Ordnance, Who dosigned and developed the equip-
mernt used in obtCaining the bulk measureme~nts; M, E. Ebel, niow
at Iowa State College9 who obtained a large part of the bulk
data presented; and A. Fisher,, PlP-sties Subdivision, NOL, who
prepared most of' the samples used,,

3. This study emphasizes the variations in acoustical
behavior of' these elas~tome~rs with changesi in, chemical composI46-
tiofl. The acoustical propnrties are also affected very
substantially by such things as frequency, temperature static
pressure or tension, etc. It is planned that futuare studies"
will consider the effects of' these other var-ILables more
completely.

4o An experimental study of' the acoustic~ properties of rubber
is of' interest for several reasoncas

ao The propagation behavior of acoustic waves in a madium
is related to the basic molecular structu~re. Consequently
acoustic data on chemically known compoun~ds are of' grea t aid
in formulating and testing theoretical hypot~heses explainin~g
these relationships,

1The words rtelastonerictt and '"elastomer'" refer to plastics which
have ru'bberlike characteý?Istics.

1RITHG9
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bo Rubber has many practical., applications in acoustics.
Since it is a good acoustical match with water, it is used
extensively as a protective coating for hydrophones and
other underwater acoustic devices. It is the main material
used to prevent the transmission of structure-borne sounds;
it is also very often used to absorb airborne sounds, and it
it almost the only means of absorbing liquid-borne sounds
effectively. These important applications make it desirable
to have detailed acoustic data on many varieties of rubbar.
With this information the acoustic behavior of a material of
known-composition can be predicted under almost any condi=
tions, and new materials with given characteristics can be
specified.

5. The next section of this report will define some of the
acoustical terms used and attempt to give some concept of
their physical significance. This will be followed by si
description of the apparatus and a brief discussion of' acoustic
measurements on plastics by other workers in this field o The
acoustical data are then presented and followed by an analysis
of the data from both an acoustical and a chemical standpoint0
The discussion of the acoustical terminology, the description
of the apparatus, and the presentation of the data were
prepared for the Acoustics Research Division by W. S. Cramer.
The analysis of the data from a chemical viewpoint and-Tables
I and II showing chemical details of the samples were prepared
for the Chemistry Division by I. Silver,

ACOUSTICAL TEM¶S

6. It is generally desirable to present the acoustic data in
the form of a complex dynamic modulus E E( t ir• ), One
reason for doing this is that the modu]3v it largely character-
istic of the material itself, and ha. a niinimrum of dependence
on the dimensions of the sample and characteristics of the
surrounding media. Also, it lends itself easily to calcula-
tions on any kind of acoustical problem involving this material.
Alternatively the propagation characteristics are often
presented in the form of the velocity and attenuation per unit
length for a plane, progressive wave in the medium. Some basic
definitions and physical concepts involving the modulus will be
reviewed in the next paragraph. For a more complete discussion
on this subject it is suggested that reference (a) (particu-
larly Chapter III) and reference (b) be consulted.

2
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7o The elastic modulus E is defined as the ratio of stress
to strain when a material is subjected to a force* If these
quantities are static and the elastic limit is not exceeded
the modulus is a real number. The velocity of sound in a
medium having a modulus E and neligible attenuation is 4
where P is the density. If the stress Is not constant but is
a simple harmonic force of the form %re . there

results a strain of the form en to eWhere 6 is the phase
angle between the stress and the strain. The ratio o/e is known
as the dynamic modulus. We then have

'7 'Ve

or +/0 cSt As

or E- I~ + ')

where B cos and -- tan ,

8o In order to give a clearer picture of the acoustical signi-
ficance of the quantityq , equation (1) will be considered
further. In Figure 1 we have a typical problem encountered in
underwater acoustics. A thin layer of material of thickness d
and modulus E is cemented firmly to a rigid backing* A plane
sound wave with a wavelength very much larger than the thickness
Impinges from the right.

Rigi B sound Wavebacklnje-•

Figur'e I.

Bound wave incident on a thin absorbent coating.

3
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The sound wave subjects the material to a periodic force
producing a periodic strain* Since the wavelength is much
larger than the thickness all parts of the material deform
in phase with each other. If the stresso" is graphed as the
ordinate and the strain e as the abscissa, and we carry the
motion through one complete cycle, we have a curve similar
to that of Figure 2. For a phase angle 6 of zero, the figure
becomes a straight line with the slope equal to the dynamic

Figure 2.

Stress - Strain Diagram for one cycle.

modulus. The area of the ellipse (which is equal to vao s. *Zv
is proportional to the energy lost per cycle in the form of
heat, The total energy applied during a cycle is approximately
proportional to the area of the triangle ABC (Zo.E.). The ratio
of the area of the ellipse to the.area of the triangle is the
fraction of the total available energy which is dissipated per
cycle. This ratio is approximately equal to 7r!o(• •)
Since for small angles AiA. S- to,.&' this should explain why the
quantity q (or tan $ ) is called the loss factor and is frequently
used as a figure of merit for the absorptive properties of a
material. It is shown in references (a) and (b) that for plane,
progressive waves the factor q is also almost directly propor-
tional to the attenuation in ,decibels per wavelength°

9. The previous discussion mentioned only the elastic .modulus
Ee It is customary in elastic theory to distinguish three basic
types of moduli. These are the Young~s modulus, the bulk
modulus and the shear or rigidity modulus. From an acoustical
standpoint the differences are as follows:

(a) Young's modulus (YM. This is the modulus of Interest
for a longitudinal sound wave when the wavelength is much larger
than the effective lateral dimensions of the medium. The
velocity for a wave of this type, assuming negligible attenua--
tiong Is

Cy (2)

4
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This is the velocity of sound in a thin rod or strip in air.
(That is, the sides are not constrained but are free to
expand and contract). The same condition is approached in
some measure with a solid of large lateral dimensions when
the material contains a large number of air-filled holes,
providing some measure of pressure release.

(b) Shear modulus ( ). This Is the effective modulus
for a wave whose particle displacement is perpendicular to
the direction of propagationý The velocity of a shear wave
with negligible attenuation is

" (3)

(C) The bulk modulus (Eb)o This is the modulus concerned
when a material undergoes a compressional stress resulting in
a change of volume rather than a change of shape. In acousti-
cal work this modulus is important when plane wave propagation
takes place in a medium where the lateral dimensions are much
larger than a wavelength, In this case the effective modulus,
known as the bulk wave modulus is a combination of basic
modull of the form NEb + 7/72Z ). So, the velocity of a wave
under this condition is

Cb \fb 43-
(4)

The three basic moduli usually differ considerably in magnitude.
All are needed to completely describe the acoustic behavior of
a material. Since each modulus consists of a real and an imagi-
nary part, this means that six numbers are needed. Then, of
course, these siz quantities will vary more or less independently
with frequency, temperature, etc. In elementary elastic theory,
which assumes no losses, simple equations are given relating the
various moduli, As to how far these relationships hold with the
complex moduli and especially how the respective loss factors are
related is not completely clear at present. In considering any
propagation problem one must decide which modulus or moduli are
significant. This is frequently rather difficult when the
structure is not simple and many borderline cases occur.

APPARATUS

10. Apparatus were developed to measure the bulk modulus
and the Young's modulus. Some exploratory work was carried out
on the measurement of the shear modulus but these data are not
complete and will not be included in this report. The description

20 This definition is true only for a plane wave. For discussion
of the general case c-onsult a theoretical book such as Page's
"IIntroduction to Theoretical Physics",
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of the apparatus used follows:

(a) The bulk modulus (Eb) was measured by a resonant tube
method originally used for this purpose by Meyer and Tamm in
1942 (reference c)* The present apparatus was developed by
Sandier and described rather completely by him in reference (d)
and in abstract form in reference (e). The following quotatlon,
taken from reference (e), is given here for convenience. "'The
apparatus consists of a water-filled steel tube one meter long,
with 3/8 inch wall thickness. Standing waves are set up in the
water column by means of a magnetically driven diaphragm mounted
at the bottom of the tube, The sample to be measured is inserted
at a pressure antinode and by considering the water colurna as a
resonant transmission line, the bulk modulus and its loss factor
are deduced from the change in Q and shift of resonant frequency
when the sample is inserted. The operating frequency is (approxi-
mately) 1500 eps and a beat frequency tealhnlque is used for
measuring the small changes in frequency involved." Temperature
is controlled by surrounding the tube with a water jacket which-
was thermostatically controlled at 30oC. for these tests. These
measurements must be done quite carefully as the presence of
small air bubbles on the surface of the material would seriously
affect the results. It was found that an experienced operator
could aepeat measurements so that the average deviation from the
mean for successive readings is less than +1% for E and 20.002
for,.--., ((This. estimate Is based on results from 4,7 measuroments
on 16 different materials),

(b,) The apparatus used at NOL for .measuring the Yotmg's
modulus has only been described in an abstract (reference f).
It is essentially the, same apparatus developed by Nolle and
described by him in reference (b). It will be discussed briefly
with the aid of Figure 3. The measurements were made on thin,
rubber rods 1/8 inch in diameter and about 10 inches long. The
sample is suspended horizontally and acoustically driven at one
end with a record cutter head suitably coupled to the rod. The
other end of the rod is supported with a leaf spring arrangement
which vaA set to apply a constant tension of about 2 x 10b
dynes/om` to the rod, The amplitude of the sound wave is measured
with a crystal phonograph unit 'with the needle bearing lightly on
the underside of the rubber rod. The pickup arm is mounted on a
motor driven carriage and the output signal from the pickup, sult-
ably amplified and filtered, is fed to a Speedomax sound level
recorder. The same motor drives the Speedomaa and the pickup
carriage. This arrangement enables the operator to make an auto-
matic, continuous record of the logarithm of the amplitude versus
the distance along the rod. The wavelength is obtained by beating
the signal from the pickup with the direct signal from the driving
oscillator and observing the Lissajou pattern on the screen of the

RESTRICTED
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oscilloscope. The points of 00 and 1800 relative phase differ-
once can be recognized and the separation of these points, viz.,
the half wavelengthpcan be measured. The velocity can then be
calculated using the known frequency. The lower frequency limit
of operation of this apparatus is set by the condition that the
attenuation in decibels per centimeter, which increases with ,
frequency, must be sufficiently large so that negligible reflec-
tion is received from the end opposite the source. In other
words, we must have an effectively infinite line. The lower
limit for must rubbers at 300 C. is in the vicinity of I kc. The
upper frequency limit occurs when the wavelength is no longer
substantially larger than the diameter of the rod, or the upper
frequency limitation of the apparatus is reached. This limit
usually occurred between 5 and 13 kc for a temperature of 300C.
In this investigation the range studied was limited to from I to
5 kc. The whole unit was mounted in a heat-insulated box and
thermostatically-controlled air at 300 C. was circulated through
the box= This temperature can be maintained to within perhaps

,O.2 0 C. Measurements showed that a very satisfactory straight
line, as predicted by theory, could be obtained when the plot of
the logarithm of the amplitude versus the distance was made.
The results of the attenuation and velocity0measurements '.n
general are repeatable to within perhaps 5% and the accuracy is
increased by obtaining readings at a number of frequencieo and
connecting the points with a smooth curve. The velocity and
attenuation figures can then be used to calculate the real and
imaginary parts of the Young's modulus.

(c) Although no extensive data were collected on the shear
modulus, some exploratory work showed that the real part of the
shear modulus is approximately 1/3 that of the Young1 s modulus
and the respective loss factors are approximately equal. This
is in line with conclusions reached by other workers in this
field. The technique of measurement used was to study the pro•
pagation of torsional waves (Instead of longitudinal waves) in
the thin rubber rods with the Younggs modulus apparatus. The
values of the resulting velocity and attenuation can be used to
calculate the complex shear moduluso

SURVEY OF LTASURWENT TECHNIQUES

110 It might be well to pause at this point to discuss
briefly some other experimental studies on the acoustic proper-
ties of rubber. The literature on this subject is fairly
extensive and no attempt will be made to be exhaustive*
Emphasis will be placed, on experiments covering frequencies in
the upper audible and lower ultrasonic regions. The discussion
will be divided according to the type of modulus most directly
concerned.

8
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(a) 3wlkogdulus. Ther3 have been comparatively fer
measurements of this quantity. The resonant tube method of
Meyer and Tamm (reference a) has been used in the vicinity of
I to 2 kc. The quantity measured here is the complex bulk
modulus associated with an-all-sided compression of the material
(Eb). As explained in seetion 9(c) this is not the modulus
associated with actual bulk wave propagation (Eb + 4/3A).
However, it is an important part of it, and by itself it is of
considerable theoretical interest. There have bean quite a few
measurements on the velocity and attenuation associated with
bulk wave propagation* The frequency range studied has been
from 40 Re to 30 mc. The technique generally used has been to
immerse a comparatively thin disk in water and compare its
acoustic properties with that of the displaced water. This has
been done by Iason (reference g) and others using the method of
acoustic interferometry while Nolle and Mowry (reference h) and
others used pulse techniques. Considerable data have been, sub-
mitted by these authors.

(b) Yo--smodulu-s. This quantity has been measured
satisfactorily over a frequency range from a fraction of V cycle
per second to 30 kc and above. A survey of many of the techniques
used in measuring this quantity is given in an article by Nolle
(reference i) and in Chapter III of Meyer's book (reference a).
Most of the studies above 500 cps have used the progressive wave
technique described in soction 10(b) of this report. It is a
convenient reliable method that lends itself easily to routine
collection of data. Above 30 kc it becomes rather difficult to
measure the Young's modulus as the experimental conditions are
hard to obtain (viz., the lateral dimensions must be small com-
pared with a wavelength). An interesting .study by Nolle of the
behavior of the real and imaginary parts of Young's modulis as a
function of frequency and temperature (a perspective threcn
dimensional drawing is used) over a considerable range of both
quantities is available (reference j).

(c) Shear mulus. The measurement of the dynamic shear
modulus has received less attention thcan that of the Youneus
modulus. At the very low frequencies (a few cycles per second),
a torsional pendulum method of measurenent can be used. At
higher frequencies up to several kilocycles per second a resonance
method is frequently used in which the rubber in shear acts as
the stiffness element in a vibrating system driven at resonance.
The usual procedure is to sandwich the material between two rigid
plates, keep one fixed and drive the other parallel to its face.
The resonant frequency is detected by tuning the system for
maximum amplitude. This frequency along with the physical. dimen-
sions of the system and the width of the resonance curve yives
enough information to obtain the dynamic shear modulus. This
method can only be used as long as the thickness of the material
is considerably less than the wavelength of a shear wave in the

9
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rubber, For a more complete descriptlon of this type of
apparatus and technique, the work of Dillon, Prettyman and
Hall is suggested (reference k). Measurements have also been
carried out in the meggeycle region .using a pulse technique in
which a sample is insetted in a solid acoustic transmission
line (liquids will not in general suppor-t shear waves) and its
velocity and attenuation measured. The upper audible and lower
ultrasonic regions offer more difficulty for shear studies and
have received less attention.

ACOUSTIC DATA-

12. Acoustic data are presented~in Figures 4 to I and
Table III on 49 separate rubber formulations, consisting of
variations of eight different basic rubbers, The legend on
each figure will indicate which basic. rubbers are included in
the figure and each curve will have a'code number for the parti-
cular formulation used, Reference should then be made to Tables
I and II for the chemical details* As a convenience to the reader
a table of the variable loadings will be included on each graph
whenever possible. This table givesI the amounts and types of
filler and plasticizers used in each formulation. The abbrevi-
ations used are explained in Table I and the number of parts
(abbreviated pJ is with reference to 100 parts by weight of the
basic rubber, Each formulation contains in addition to the
filler and plasticizer, certain compounding ingredients which are.
necessary for vulcanization. These-materialsq given in Table II,
are kept constant for the variations of a given basic rubber but
vary for the different basic rubbers because of chemical consi-
derations,

13. Figures 4 to 8 inclusive show the-strip velocity (c)
(that is, the velocity associated with the Young~s modulus) as a
function of frequency from 1 ke to 5 kc at 30Co for all samples 0
The experimental points are included for reference. The attenuw
ation in decibels per centimeter (V) was measured for the same
samples at the same frequencies,_ These attenuation data are not
presented completely but the curves for three formulations each
of neoprene (GNA) and GR-5 rubber are presented, with experimental
points, in Figure 9 as an example. In Figure 10 the attenuations
at 5 kc for all samples are summarized in graphical form, This
form of presentation was used to give a clearer picture of
relative values. In Figure 11 several examples are submitted of

10
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the real part of the Young's modulus 3 plotted against the
frequency. The values of the modulus at 1.5 kc are summarized
for all samples in Figure 12. This frequency was used foxr the
summary since the bulk data Were taken at the same frequency.
Similarly in Figure 13 typical curves are presented of the loss
faetor4-1 for samples of butyl and natural rubber. The butyl
has one of the highest loss factors of the homogeneous rubbers
and natural rubber has one of the lowest& The graphical summary
of all samples was made at 5 kc since the accuracy here ir
higher than, at the low frequencies, and is presented in Figure
14.

14. The bulk data were taken at only one frequency (1530
cps). The real part of the bulk modulus, which is obtained
directly from the resonant frequencies and curve widths, 11s
presented for all samples in graphical form in Figure 1. No
bulk data are included on the Thidol type rubber due to surface
irregularities on the available samples which brought the
validity of the results into question. The loss factors
associated with the bulk modulus are very small (less than 0,10)
for the most part and closely grouped together in magnituOe so
it was doubted if the graphical presentation of the data used
heretofore would serve a useful purpose. These data are
presented in Table III.

3 The expression relating the real part of the modulus to the
experimentally determined values of c and cý follows:

where p is the density and Atm  A/54.6

4 The loss factor is related to the experimental values as
follows:

11. ,RESTRICTED
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15. From an acoustic standpoint several comments on the
data might be made:

(a) The real part of the bulk modulus is quite high,
being of the order of that 6f water. The real part of the
Young's modulus, on the other hand is about two orders of
magnitude smaller. This means that rubber is very Incompresse
ible in bulk but can be deformed quite easily. The latter
effect is a matter of daily observation but the former is less
apparent without special tests.

(b) The fact that the bulk modulus is very substantially
larger than the Young's modulvos (and the shear modulus) for
rubbers makes it the most wZfective modulus when studying
acoustic propagation through sheets of homogeneous rubber.
Recall that the bulk wave modulus, which is the effective
modulus unless the material is structured, is of the form E
(bulk wave modulus) -b E 4/3Al where Et Is the bulk modnlus
and• is the shear modulus (see section 9 a).

1(c) The increase in strip velocity (and the real part of
the Younggs modulus) with frequency is noted as is also the fact
that different basic rubbers and different formulations have
different rates of dispersion. The work of Nolle (reference J)
showed that the modulus will continue to increase with frequency
until some limiting vel'ae Is approached at very high frequencies.

Wd) The loss factor ass.o•- iat-ed with the Youngis modulus is
usually about one order of magnitude higher than that associated
with the bulk modulus. The latter, indeed is so small in most
cases that in former years it was assumed to be zero. Since
is almost proportional to the loss in decibels per wavelength
(see footnote4), the twofold effect of a larger- and a'smaller
wavelength make the attenuation In decibels per centimeter
associated with the Young's modulus substantially higher than
that for the bulk effect.

(e) The loss factor associated with the Young 0s modulus.
increased with frequency. The work of Nolle (reference J) showed
that the loss factor tended to peak somewhat above the present
frequency range of measurements and then decreased to a constant
value, The position and magnitude of the peak depends on the
rubber type.

(f) The present experiments give no information on the
variations of E and *1 with frequency for the bulk modulus* How-
ever, the work of others, principally Meyer and his associates
indicate that the real part of the modulus changes comparatively
little while the loss factor may increase by a factor of t;hree
or a little more in the frequency range I kc to I me.

RMSTRICTED
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(g) It is interesting to note that two different rubber
rods with the same attenuation per unit length (00) may have
widely different attenuations per wavelength because of the
difference in velocity. A material such as natural crepe rubber
has a comparatively high value ofo( under our conditions of
measurement but has one of the lowest loss factors of all the
materials-tested. (The loss factor (-q ) is a function of the
attenuation per wavelength as explained in footnote 4). In
choosing a material for an application requiring a high loss
the relative importance of a and 1 depend on the particular
application in mind and other properties of the material, and
no simple generalizations can be madet

13
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Table I I
Chemicels Used in the Inveatigation

Smo1 Common Naews D vc etail

1,2astomers

HC-I5 Hycar OR-15 Butediene-acrylonitrile rubber (55t45)
ICZ25 IlyOak OI25 Butadiene-acrylonitrile rubber (67:33) "

FA Thiokol FA Polyaulfide rubber
PA Hycer PA Polyacrylic rubber
GRGS R•S-50 Butadience-styrene rubber (71:29)
NR Natural Rubber Natural Crepe Rubber
GNA Neoprene Chloroisoprone
OR-1 Butyl GR-II5; isobutylene-ieoprene

Fillers

FoTo Fine Thermal Black P-33; 150-200 •dcrons
HoMoF. High Modulus Furnace Black Continex H.M.Fo: 50 to 60 microns
EoPoC6 Easy Processing Channel Black Cont. AA; 30 to 33 microns
SIL Silene EXFC Calcium Silicate - extra fine
TiO2  Titanium Dioxide duPont ý a R-300
GEL Celite 505 Diatomaceous earth
ASB labeatcs Powdered

Pla tlAcizers

DoBoP, Dibutyl phthalate
cUM Cumar P-25 Para-courmrrone-indene revin and coal

tar copo M.HoP 25Cc.
PIC Picco 25 Para-coumarone-indene resin; 1oP. 250C0

14
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Table II

FORMULATI:ONS OF SPEMIMENS USED IN THESE TESTS

Sample Number (HC-15-

2_ 3 41 I1 K 77 8- 6n1 3I 2M) .100 --0 -O o I'o0

Zinc , Oide 5 F, 5 15 5_----5 5-'I

gltw P,'i; 1.•'o 1,5 .. l 15k 4

-2n 2iW21921 21 -2 2(21 2I2W21
Div,;- Phhant 12~, 2,,5]2

A arb•,•on btAh- ) 11.03KI.y.• 50. ~ 7 IT

F 1 •_-,K-=FP1~'n 5I 12 12 10,- j Z5121 2.3

.M.,F- IS., ,•rb on,,.7 0 051. 10 -901 10
F. 505 (Caron10'- -F 1

A' 05 (A* B. FI I 111 111 30
TtuuiT7-i17-71

CuL.r P-65 -CUA 77170

The: waring ciyi.lz.. -4 i minutea at 31eOF. for all samples on this page.

The nuinb_-r oif p•rts is with respect to 'weight,

15
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Table Ii .
(ontinued)

FORMULATIONS OF SPE(:IM2LS USED IN THESE TESTS

Sample Number (HC-1s- )1

3;__ -1 18 - ý 02 21 22.2 6.~ 257 28

&Ea 1005fq-5 1c21 100 100 100 100 100 100o 1 oo 100 100)lo 1001 100

Zinc Oilde 5 5I.j J1 5Fi1~.. LL
Suflý2 2. 21 2121212 2121KY 21 21 2

N. B. 17T - T 7 -T7F T
Dibuty3 Phthalate 12 12 . F12. 12o1 17 5 12o.

___ VK l TI FF1 7.
H.MF.(crbn.black -7- -

j(-arbon b-lak ..

Sien FLl Iljllil

Atni Dioid T o 10 -7 T -

20110
EP(;,u~arbq black (U;) lT- i01 30!.o! f

GujuarP2

Hardneos-nhore 6L 7-ta- Fe) 1oj6- 5S2TI 75

The 4••.ing cycle, -as 30 minutes at *W.O°Fo for all sa8ples on this page.

The -number oV pi•rts is with rospact to weighto.

16
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Table Ii
(Continued)

FORMULATIONS OF BPC~M US-ID) IN TBBSE TESTS --

I___ 25 FA- It OR-,S-
______ 1 2_ 1 -2 ___

EyerOR-250HC;25) 100 100 100 -

Thtlcj 1AA 10 10 1___
Hvc&~wPA~ i 1 1 1 100 I100 3, 00 - ___

§~l~~J1 1i 1- 100 1 100 100

0:1~ q[~! 2 2
Altax 0 .E.

Bu1l -~? -=iK -- o J17-T_
Sulfu r 722! T - I2 2

LgtiLE ted Linue 5I15- ___
1ai,ý 5H0110 10-- 10 _ _ _

Sýrfte etlite___1

Dbutylr1Phthalate - 12.51- 205

F.T0 (carb-on black 1 - -

EN.P.C earon blc _30 2.. -____t.__ __ blo J710 1 30I 10C__HordrioessShorn- 1B 72 42 1 I ~ j 6

Gur isml 30 min 30mn 5ak . 45 030 SO
zui~~ieTi~t30rl80 2900 2900
-,rTc Temperinture Uo I F. 3,10 F.~ F. i FE, F

17
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(~omtinmAd)

FORM4tLATIMOQF SPYJECIM USED IN THIWS1 TESTS

________o 1103ic

St~iri~ A~±dI -.

Ittrv kid-L1 1 1~
Al11711 11

T O :1 1i 51!VV7-7
ýSWTF FTYVT- flF~T

A ýt stAie 11 2 2T 2

181
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0 6

FIG.4

STRIP VELOCITY vs FREQUENCY
FOR SEVERAL FORMULATIONS
OF HYCAR OR-15;T=30OC

03
400- nVarable jjj

#16 90 p ML; 12.5 p DBP

#3 3O0 p m

07 50 p RO; F12.5 p DEP

0 02130 p SIL; 32.5 p DBP

0 7
13 n fo loading

_00°#10 50 pIT; 22.5 pM?
w

0,22 3 Up I!; 12.5 p Di

#12 30 p SIL; 12.5 p DBF
ui 10

# 9 30 pFrT; 12.5 p DBP

#6 1 Ip IT; 12.5 PDBP
:):0

0 #4 30p MW 30 pDBP

"0. 30 p HICI; 75 p -TBA2

Abbreviations explained in

4 Table 1.

100-

, I- I _
2 3 4

FREQUENGY KG)

R 9
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FIG.5
STRIP VELOCITY VS FREQUENCY FOR'

SEVERAL FORMULATIONS OF HYCAR OR-15; T=30*C

400

"2 2 Variable Loadppn

0 #22 50 p J"?C; "1 .5 r DPF
#26 30 p •PC; 20 A ASB; 12.5 LE I-
#2/1, 12.5 p CUE,

,26 #19 50 p CL; 121.5 n DEE
1 ##25 12.5 5r I IC

24 f21 30 p £B'C;: 12.5 DBP

,-Iý #11 X30 CEL;. 12 .' T- I)
" 1,9 A P 30 r ASB; 12.5 r DR

30025 #20 210 r, -C; 122.5
21#650 r TILO-;22. r

#217 10 pASE; 22.5 nDPF#23 22.5 r DRI#14~ I0 T TiG2;12.,5 r D'F18 #15 50 p T102 ;12.5 p DBF
26 #17 2c r GLL; 12.5 p DBI-

U)

20

200S27 01

I
4

14
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STRIP VELOCITY VS FREQUENCY FOR SEVERAL

FORMULATIONS EACH OF HYCAR PA, HYCAR OR - 25
(HC--25),AND NATURAL CREPE RUBBE R (NR);T= 30 0 C

400

DPA -3 

0 
i

rA-2 3 0 r Ey
PAa FA-1 n- loadirEP-2 HC-25-3 110 y' LIC; 12.1 r M

300 FG-25-2 3C P EIC G , -.5 r DEF
PA- I(W HC-25-1 no loading

M~i-1L-2 30 r LI C
11IR-1 nr, loading

00

uj x HC-25-3

00

0
-J
w

0 HC-25-2

HC-25-1

0 NR- 2~

FREQUEN~Cfi'V"l

21
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S%.tlxg V'ELO CITY VS FREQUENCY FORSEVERAL FORMULATION 
AHONEOPRENE (GNA AND THIOKOL FA

GNA..350 p UGNA-2? 30 p E&PC
P ~50 5 P FTPA-2 0PF

IPA-.1 O loadin~g
250 GA1n odn

GNA-3

4U

40

210

0I- - - - - - - - - - - - - FA -3

GNA -1

FREQtEN45
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FIG.8
STRIP VELOCITY vs FREQUENCY

F OR S E V ErAmL FORMULATIONS EACH
OF BUTYL (GR-I)AND GR-S-50

Tr30CG

Variable Loadim,

GR-I-3 50 p El-C
GR-I-2 30 p EIC
GR-S-3 50 p EIC
GR-I-1 No loading
GR-S-2 30 p EFC
GR-S-1 1-0 p EFC

GR-I-2

200( -

U . . . R -S -3
w
U)

U),

I.--

->-, G R - S - z

""~ . .- .- - " . .. -. . - ("G R - S - 1

0
2 3

FREQUENCY {kc)

23
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GAiATTFTNtIATION vr. r7Prflhlr~r mn ^
SEVERAL FORMULATIONS EACH OF

NEOPRENE (GNA) AND GR-S-5-5O
(GR-s) RUBBER;T =.30%

Varbiabe Xkgdim
GNA-l no loading
QNA-2 30 p SF0
GR-s- 1 10 p SF0
GU-S-Z 30 p SF0
ONA-3 50 p SF0

C)OR-s-3 50 p SF0

GN6-

4RS-

FR-,QUENCY(KG

GR-S -2 r0
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COMPARISON OFATTENUATIONS,
FOR ALL SAMPLES AT 5 KG AND 3000

120 1
(All sanples in thifr

I1ct Isee Tal"Ies I trd I! fer *-xplanation
of' sybo~h ur'ed.

NR-I

5 -GR- I-I

-14

FA- I

8 aond 17
~6O 23HG-25-2

.,12 FA- 2
" " '-20 and 27 G--GR--

-9 ~ GNA-2

-ioan d18 -NR-2 -P.
-GR- -1 -FA-3

---- 2ond2 -RS- PA -2
=10

19 28GR-S-2 GRZ-25-3

-21 G - 3-P -
30 -13

-7 -GNA-3
-3 NR-3

-22 -GR-S-3

I Ci5HcR0-5 GNA=NEOPRENE IHC-25zHYCAR OR-25 FA= THIOKOL FA
NR=NA-TURAL CREPE GR-I=BUTYL PA- HYGAR PA

01 -5 L___________
RESTRICTED
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FIG.IITHE REAL PART OF THE YOUNG'S MODULUS VSFREQUENCY FOR SEVERAL FORMULATIONS EACH OFBUTYL (GR-r) GR-S-50(GR-S),AND NEOPRENE (GNA)

Vaarilable jaadin
GR- I-3 50 p LiCGNA-3 50 p EPC

GR-1I-2 30 p EPC
GNA-2 30 p EFC
GR-S-2 30 p EPC
GR-1- 1 no loading
OR-S-1 10 p TPC
G?TA- I no loadirn

GR-I-3

GNA~-3

U) 
G R -I-2

,-J

.. x __,•_GR-S- 2.0 S 2 .( , --
G N A -2(U)

-GR-S-2
,• 

GR -1-2

0--

0.'. --- ___ • GR-S-i

-----------------..---------
GNA-j

SL 
A

2 3- 4

FREQUENCY (KC)
26

RFESTRi( 'EL
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FIG. 12
COMPARISON OF THE REAL PARTS OF YOUNG'IS MODULUS

FOR ALL SAMPLES Ar.5A-C ANDrTf30a"C

I20'e 11fo

10 - 22__ _ _ _ _ _ _ _ _

3
26

7 PA- 3

PA-2 G--

GR- S-3

12

=-16 PA-I
=-20 NR-3

'-7GNA-2 GR-1-2
---

FA- S

V1,5HG-25'-2 
G --

U) 15

4 FA- 2

OHC-25-1l GR-r-I
NR-2 FA~-I

a0- GR-S-1
-GNA-I

(ALL S AM PLES
IN T~iS COLUMN -

MC- 5]NR-I

HC-15zHYCAR OR-15 PA=HYGAR PA GNA:;NEOPRENE GFU T BUTYL
NR::NATURAL CREPE

27
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F G .13
LOSS- FACTOR FOR YOUN G'S MODULUS VS

FREQUENCY FOR SEVERAL FORMULATIONS EACH
OF BUTYL (GR-I) AND NATURAL CREPE RUBBER (NR)

Variable i&L', i np
rf-1K n- loading

(iR-1 - 50 41C
"R-i nn ~oadingE

GR-I- I

GR-1-2

GR-1-3

0

0-5

NR-2
NR-3

FREOQIENCY (KG)

28
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FIG. 14
COMPARISON OF THE LOSS FACTORS

ASSOCIATED WITH THE YOUNGS MODULUS,
FOR ALL SAMPLES
ATr 5 KO AIVO T=3OC

(ALL SAMPLES IN T~~ '7 .3 11 fc',cn: - *
THIS COLUMN ~: ~eto r~-~c. :~

HC-15)
HG-!5=HYC.AROR-15 GR-IýBUTvL

HC-25=HY6AROR-25

GR-I-I

1.1GNA=NEOPRENE PAI--lYCAR PA
24 NR;:NATURAL CREPE FA;:THIOKOL FA

GR-SzGR-S-50

PA- 2

1.2- 14

25

-GR-I-2
PA-I

I I PA-3
16 ,20

10 ~-18 -HC-25-1

0 8
I- 23

1127

cn - GR-1-3
0 0

0.8- 28
-21

-13

-7 -HC-25-2 GNA- I

-26

0.6--22 -HG-25-3

-6 GNA-2

-GNA-3
-5

0.4- F I
FA -2

-FA- 3

=NR--2 -GR-S--2
NR-3 GR-~S-3

0.2- 
R- -

29
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FIG.15
COMPARISON OF THE REAL PARTS

OF THE BULK MODULUS FOR ALL SAMPLES
ArT .5 KG AND T-'3O"G

3.5.
(ALL SAMPLES HC-25=HYGAROR-25 vote: See Tables I and 11 for oap2lte
IN THIS COLUMN PAzHYCAR PA explanatlon of symbols use.

HG - 15 ) NRNATURAL CREPE
HC-[5=HYCAR OR-15

GNAxNEOPRENE GR-IuBUTYL
GR-S=GR-S-50

33- - GNA-3

-- 6

-10 - GNA-2

3t?-

z -L-22

"7,9
) -" 13,26

4_ 2.9" G2 -

"-15 HC-25-3

=- 2,22,28
cn -,.. 19

= •'18
.-J

-16 HC-25-2o -II

2.7 14,20..j 2.7- *--'• 5
"---1--,24 PA-3

"" PA-2 - GNA-I
S " 8 - GR-S-3

=---23

GR-I-3-J ,-~~- HC-25-1--G --
27

-2.5- NR-3

- PA-I GR-S-2

" NR-2

G R-I-2

2.3-

"GR-S-I
- NR-I

____._____ ________ _ GR-I- I

30
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Love Factowo fKow the tWc M&Oduj
Lou* fac~tor

_ Nama Of F~s~mtom~r Variable ?.oadCAt TaZ e rA I r

£41l Hyr-ar Oft =15 no loading 0,011
LC'52"0 .HMFo 12..5 p- DUB3,P O0l

"i 30 p., Hý?; 3 p~ 1,B..l 0 0,005
P'45-5 30 p H)LF.,F 75 p, DCCBZh. 0.,009,

JL Jc ~oI5.,' ~p,. D.41 0- TCt, 000
50 p,, H M,.Ft 12, 5 p P430Thp M10l
-X~c ~10 p F0 T,, 12,b5 po,, D,. P.(06
?A-S) 13) pr.. T t; 125 P, D,~.8-'.0~9

It~l~~D50 p FýT., 2 k2U. t5 p.. 0.1,2:O012
1i4-1"10 p-. 51L0 3 12,5 p. DI3OPvC O,,006

Y-)5-4 p ift, 3L, 12,0p-D,1, 1.)r '
PC C15-3J3 50 p.. SIL.; 3.2 ..5 Pc Do 0 : ,.010
UP.,45ý-!4 10 p.- TiOQ-,; 12r. 5 p. D.UB,"I", 0O009o

1 55 230 p , Ti0 2 ; 12,5 p DO.?B .P 0 005
IQ 4L5ý-46 1250 p,. TIOa; 1-265 p. DOBPC. 0(019Gc

1tA~710 p c CEL.; I12,5 p, D.B. P, O0,0&2*
ir, -. 3. 0 P, ( W, 1.2,5 p, )- DJ. P. 01,01i0

K' , --1 50 po CRL.; P-. D,& 5B W
W4pe 20 tcJXiC;l~5p.DO..

11-1-~11 0 p E ,PF 12 5¶ p., DCB.3< 0:11

IF12p-15 -2 2 5Y0 p BK.P,0 0 ; 12,5 p. DA, . O.01
:LZ--54S U12.,5 p, 0,.JP E) P,1

(Ma A%ýý24 )2- r ps Qi U1w.
i22i tt5-2 ph, .010

10CL15~-26 .3-uI~, 20 p. ASB,.; 12..5 plDiBF, 0 ,006
_1' 9.7 :! po . !-533 12.,5 p, DBT.) i 0.045*

21C11-1 70 P,. ASk.. 22- P, 3 p JB,.PS0 099
I25i flycuar C'R ;5q .L2 5 Bo P&P 0006

'IC-.252 U30 P,, B, P&C 12 --5 p,.D 3X1, P~ .OK
50 p.. E..P.,C.,q 12O5 p. D.B.BLP. 01024*

G I I U6 Ano loading .0,112*

(iR - 2 30 p,. KEUP. C~ ~4
UIR_1_ 50 P,, E..P.,C-. 0..019
AR41 Na~tmrl no loading 0,c 00
NR-2 to 30 P. L.cPo:,. . 0.. O11
AJRA3f 5 0) p., E.P..0 0..01
(11-3- 1 GRct$33.ý5 0 10 Pý EJC. 0,.006

i~v-3 -2if 30 p.. EC.P.&. 0 ..0ý12'
It 50 p. EOPUC 0,.044*

AA-1 Neopirano no loading 01013
GNA -2 Is 30 p. fl-,P,C.. 0-01.3

IIA- 50 P. &.PC- 0QU0l)
'A A.l HycaE, PA no 1lo1irp. 0.017

CA.=2U 0 it" EQP.CL O0:M8
PA 13 50 p 3".900.. .1



HIEMM~CED
NAFOIRD Repairt 17783

ACO0USTIC PflOP LiZT IES AND CHFMICAL C OrPOS XTON

1~6( This see ion -n" the reoPort is, concerrned wjith tha nivi
of "'he~ *3cau!'tio data ini terms; of -the --pecifie eftects of tthe Z01-11
pjorziddlrg Ingredients, He1rrotofore most inform~ation or ca t~ a.(

fr:~~ p~r t~tire wi Lhe subject wvere based on the vcouvti-~
c I analysis of~ a relaUvaly fevw types of r~ubber f rm'fnuatim
Vo-ýJx 1-ittJle at~tention ýIas beon given to a study of basJ( r-abP-r

tY-,,5with regard to ti~ie eff~jt- of com~poun-ding oingrodients Oil the
a cx-' -1tical1 pr~oporties ofI~ the final m~aterial. Since 13-rge - tarationý;

-1 6h mchc~rical prop,ýrtAes of' n -particular xubui; ~n bt bin
th r~tgh 2c~o~n~in Stis ~e~ U~ml to ex noct s in~iir --Trnportant

A7, 111s Prowralra 17a 191v1naed -to coiver, laio mo~d- ic at-lcr, in
P~>i~hk ~7 oh bas~tc ruibt'r typzas iisted in Table Tho !-

rnl*ersr are £pYeiiPvofc thofý- LyP(eS PresenErtly \J cc-,1morc
uw).;, with the exception ol. 'the siliconos, 'Tille. lt-t rubbenr VVIO Au"
:L1c-. .ude~d pendl-n- iurthur situdy of thei aiou!2,tiao ofect of' the (,iarc-
t;onustle Small i1r volidi in th~e matioria 3  In oxrdoir to f½3c:Elt,-to
th1-ý aria-~~i5:o~ jn6 rhups ellmlnn~t~ what ntiy be. corizdarraI

xrvn~n compuunde.d with s ii f -';I~t ýw' ii P;d 0-mg aftp
.-id amc~un~ts ii9" blacx and non~.-bT,-ck fiVllers ln~ "t-1e hope Th3i; sfýhccots

tbincd -viiuld bc, appl-fccvable, to t-he ot'icxr rubbe:ý?s under study-~ Th c
~ c~of -th,-o rubbers, itith. tho axc--ptb~oi of the Th11iJoko'll

0101 nou ad o only Ivith vz-y'.rig anmnnt- of' a carbon. blnek (E.P.0

:.80  T'h acus-.at &i~ta -iCepottod in) FlgujO~ 4 to Ic" ald L
'~1~e J:~ '0arla, (IC-d fxrorr, the viewlpointfto the~ eJ7Pct of th~c bas~to

tyjpw, of rub bbi u a;.c cornpoun"inrIn variablis or ie ~v folloving piJo',pih1¶tieCs

(a) Re,-il pý,ri.r; oif th-e Young's- and bulk mociuM

(b) Velocity -strip and bial-7

(c) Density

( d Chnar tw'vstic necoustle impedanco

(a) Attenuation -'strip

(f) Los-s ffactor Young ~s niodlulu andI bulk rnioduluh
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re~lt inaninc~rease In the real part of the Young's modulus
as how inFigure 16, Of the carboni blaek, the highest Modulus

0 f . -tnenal A9 an aiy pr'ocessing can. ck(E.PC.) ali
.:ý patice szeof 30 to 33 microns and having good roinforcting

p_- pe tisgives the gr~eatest Increa~se, while P-339 a fi-11w
tbý2r(Fmvl blck'aving a partcic size o~f 150 -to 200 m~ex-ons

V~ies hesmallest inei'ease. Continex H?.i.F,, a high mod~ulusi
fu~acebiack of 50-60 ricrons dia-in'tor Jhas an intarmnodiato v0mlia

useof the E..P.", f:Uler Inl r cbbers`v ote: ta - 7.cka F~ - ''1I'M
u 1 0 n ane~ in ýKo Youngas modilulu 4-s Showni In Figure 1lý`,

20. CorresioudoIngrL, th i.-UCreaso in thc i-eal -oart O.L Uth, balk,
f~l:7111S " SIimia- 'co that of~ Yomo~g'~s moftilu_- 1-1 that ~itiA.;4n
t(Canli-nits WP f:llell concentration thp.~rL~ L
igh.e-r nroc~ixlus as ss;ýen In iFig-av :I8 llcr~eor ca, torin important

11"ferences, do occuro partictularly ;with the norncblac~ ly.killers Such
as C-01ite 5059, Silene &F., and Ti02, 'n that & inaximurn bulk n'odxiu~s
oatZrr wl-th approxin1a-&ly '0 partos (5.C filler cuoncexatration2, Thths
ýýo-cnteat:Llor Yiay paolibly rcspresexat the paid 21; of :nmaiijva rc~lri-

Coýcpmonrit by tbso f~i~llers. The valao of E, (vcjnt~inii23s to h :~e
h~wrwith fillier ooncentruotiori ;-Ilo] ctarbo..i blark oven tw 90

pad(--s in, th~e caas o" Thu 1V blsek., The b ehavio-ý of the bulk
flOLd1 ofc s~svera:L di:;XTararnt, basic rlibberý; wi~cnloa wihv rxou.

~o,),ent~e'Uatins of tho B.PX.( filler I,, shnrow n Th.ig-ara 19ý, Tho~
i-q.uj foýý water is rdli-d lx- this figiire for cc~)3~L It cc
V½ o'bs-ived that i; , ths.aicionhips aro approxima~te- _y inhear 1wi 1;h

et vidonce, ;In the case cC certaiLn riiaterial~n oi a Satu~ratiobn
co.-dition being approa~ched at the highiest co.c. n-tra UIons 0  11; is~
at lo fntorestin8 tco observia that the aCOUS-LiC&I rG1,fOrcn

'"of EPcC. aro not -k'he sa~r.a forh \ev~ory r2ubber. T3olz
oýiiple~ hJ-i iioprene. and £iy-.ar 0R-l"i have sppro.ximatoly the ýýarne

v lsalue for no' -iller but diyeýýe b~r abriit 10,% vrith q0 parts
viK F4P.C~. ftilexrý

21. Within t-ti U~mo expanded on this investigation~ 0n ly *I
11,ited nauvber of' pletic~izer., could be s-td:in& f hre
on tho modwulvs and Vthýe other acoust~ical properties of rubber.0 1ws
V11tL the filler~s, tht.,e plaSticizers were used with Ijycar 0R-15.
~The thr~ec plasticizers, dibutyKl phthalate,, Picco P5, and Cumar P-'25,
a!'( result In a decrease in ths real1 part of tho Yon~ mnodulus
to:,- equ.-Il concentrations (l12.5 parts),, In bulk mnodulus, for equal
co.etr~t:tions, Picao 25 resulted in an increase. whereas the

ot4ýýa t-Wo plasrAicizer3 caused sli~ght decreases. The data for the
3Yo.-MR~s modulus anid the bulk modulus of' Hycan OR-l5 as, a function
of type and amo,,Lt of plasticaizer are given In Figure 20,, Even
vri.Ji the lifyited' work carried out, it, Is important -to note that
t:choice of filler and plasticizer rand thle canc~entratioxl ofL each

,all exei't considerable inf.luence in varying the modulus from that-
of the basic rubber tyD!80
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22• It is customary in rubber technology to specify tha

hardness of a rubber by the durometer reading, a static me.,&ure-
ment of the hardness of rubber using arbitrary units and a
standard procedure. These values on the Shore 3. scale hav boeen.
given in Table II for all samples. In figures 21I and 22 these
durometer readings are compared with the logarithm of the raal
part of the Young's modulus and the real part of the bulk modulus.
respectively. The experimental points are marked and a single line
connects all points of a given 'basic rubber. As rlght be expected
there is a positive but not too strong a correlation betwcon the
durometer reading and these other quantities.

23. acitZ c) The effect of the fillers ei the velocity
&s measured in the Young's modulus test apparatus prallels very I
closely the effect on the real part of the Yotmg s n-dulus iEselff
This is to be expected as the two properties are related. muthema ,
tically by the expression E &c terL)/d14 'rV)

as already explained in footnote 3. The c 2 term is the prodomina:.t
factor since r rarely exrceeds 0.6. Refarring to Figure 23.> the
E6P.C. black (with the 1;mallest particle size) has th- iargest di::;.
persion and TiO2 ,the smallest, approximating the relatit'xsILlp for
fillers established for the Young•s modulus. The result- of addi..ng
&P.Co filler to, the different basic rubbers is shown in 3f2.e Z40
INote that the Thbkol FA was loaded with F.To black insteac oC ESPhCO,
it would be expected that this substitution would tend to :'34ace
the dispersion in the Thiokol. These same data are then pl 3tted A1n
FIgure 25 as a percentage change in velocity as a function L-"
loading, and a considerable difference among the basic rubbax,
noted. The effect of plasticizers on the velocity appears to be Ex
function of the type and amount used so that wide variations &I
velocity are obtained (Figure 26). For example, dibutyl phtha.atc1
reduces the velocity whereas Cumar P-25 results in an incroaset
Equal concentrations (12.5 parts) of plasticizers in Ilycar OH4l1
result in velocities of approximately 130, 300 and 320 mrn;CTs ;
second for dibutyl phthalate, Picco 25, and Cumar P'25,respectisuy,
The effect of fillers on velocities obtained from the Oulli mi.•su .-
ments (see Figure 27) differs considerably from strip data i1a this t
increasing the amount of E.P.C. black produces relatively li-+_ttle-
change in velocity in most of these rubbers. This can be c.on-
trasted with the bulk modulus itself where increasing filler coviGet -
trations usually result in a higher modulus. In Hycar C 5 the
non-black fillers such as Ti02, Celite $05, rind'Silene E.F. •auss
a decrease in velocity with increased loading as seen in Figure 2?.,
Also shown is the comparatively slight influence of the amount and
type of plasticizer on the bulk velocity. Larger concentrations
of plasticizer, however, may result in substantial changes In
velocity.

34
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24, Renasitz (P) Since th~e'density of a rniateria2. is a quantity I
of acoustical importancee, its variation wilth differ-ant typ~es and
amounts of filler? and plasticizer is coon51deriod in ]"Vigure 281. It
is Interesting to observe that for a given -rubber, the resultIng
density for different types of-filler d±:lf±er substantially for thes
same loading by weights Similarly, the same filler wit-h different
rubbers gives different results.j

25* Characteristic acoustic ime edanaeo(fC) The characteristic
acoustical 'Impedance of rubber is an important acoustical property- I
particularly in underwater applications where it may be des~.-rable
to match the impedance of rater. Since the degree of matching is
determined 'largely by the quantitypc_, those factors af~fecting the
density and velocity in b~ulk become important in this connection.
According to Figure 29,, thepct values for GRer3-50, natural cre~pe
rubber, and butyl are relatively low so thist the impedance c~ould
be adjusted to match that of~ water by adding the proper amotinit of'
filler. This variation is probobly due mainly to the increase in
density rather then Lan Increase in velocity since it was shown in
F~igure 27 that increiasing the amount of' carbon blalc C~t ,, will
not alteor the velocities in these rubberts very much. On the other
hand, Hycar OW-l5, Hycar Pa, and Neoprene have charActoristic
acoustic Impedance valuesi considerably- higher than that of water.
To enable these rubbers to match the impedance of~ water, it can be
seen that incorporation of extremely large: amounts of .ow' density
plasticizer to reduce the velocity would be naicessary. In actual
compounding, it is usually desirrble to employ a reinforciag filler
so that the addition of a 'plasticizer wiould have to counteract the
effect of increased velocity and density resulting fromi the filler'.
The relative effects of the different types of filler tnd plasti-
cizer on the charactoristic acoustic impedance of Hycar DR-15 Is
shown in Figure 30.

26. -Attenuation (d.). As explained previously the attenuation
sometimas refers to the attenuation in docibels per centimeter
(which vie callok), and sometimes to the loss i'sctor' l wich is
approximately proportional 'to the attenuation ina ddcthewls, per wave-~
length (see footnote 3,). The relative Imp~ortance off each ia pre-
di.ct"ing sound absorption Is 'to some extent a-function of the parti-
cular acoustical application. This paragraph is concernod with the
attenuation per u-nit lenvtb ((-A With Hycar 0.R-15 the 'te atOn
decreases with the addition off black and non-black fillers as seen
in Figure 31, the greatest decrease being obtained "rith the E.PCo
black. It should be recaled that this filler has the smallest
particle -size of the carbon blacks and It was the one which had the
greatest effect on the velocity. The usi ot the non-black fillers
results In a tendency towards an increasfe In attenuation for about
10 part's loading but a decrease at highe~r loadings, the: sm~allest
decrease -being effected by T102- In Figure 32 the change In
attenuation with loading of E.F.,C. filler for th-e different basic

35
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ruibbers is p1oit-e-. Then in Figuire 33 those t,'e dzata ar~e
plotted In 'percen'tages giving some Idea oz' the relhtive lfin±'bnae
on the different ru~iberE,, These curves shou~.d be coinpared with
those in Figure 25 showing percentage changes of velocity wiith
loading. Flasticizers vary in their effect on the attenuation of'

th rubber. For examp~le, the addition, of dibittyl phithalate to
EHycar OR-15' results In a substantial increase in attenuatio-,.
whereas Cumar P-~25 and Picco 25 cause slight decreases (see Figure'

2-7. Loss Factore On the basis of results shovin Ir ig Tart 14
and In Table 12 for the loss factors in both the Younpls mo~dtlus
and the bulk modulus tests, It Is evident, that wide vari,.toiarxs In
loss fbictors can be obtained. The specific eff~ect of a pla'3t~cizac:
arid filler on thle loss as with the other acoustical propert.ler':
studied is a fune tiOon of the type and atuount of~ coir.,pour.~dng :hngre_
dient5 and the bazic nature of the rubber employed., trr regaJ:.i to
.loss fact~ors dete~zmined in the Young's nio-dulu": test.,tehib;v
results over a range of' 1 to 5 ke are found in: the .,,um vu~cnyJ-.ataz
of buty1v, Byear OR-~15 and Eycar PA.,respectively. 'Eie lowas- `-as$
ftactors are found in niatural rubber and Gri-0,I. IV is inti3-tN-s
to note th.Ft neoprene which has one of the hifghest -btenuatic~xx ye).-
centimetor is aniolng those with the lowest loss fclto:r's. The change
!n. the, lass factor as a function oil' J.P.C. loading, S hown _`'Z
Figure 35. The addition of 50 parts of loadfing re--m.lts in a
decreaso of the loss factor for al:( rubbers tcns~ed, thc greaitest
(tecrease usually occ-urring in those rubb,:Tý h~zivin~g the high,_ýi
'Jnittial loss la ctor (butyl and Hycar OR-15). One car.-i interpr.il
these reisu~lts Inr terxýis of the data of' Pipures 215 and 3~In t~hese.
figures thte percentag~e increase in velocity with loadirg fox-'
various rubbers and the percentage decrease In- attenluationl -ithb
Ift;ading are plotted. Thea since Yjis a ftwlctlon of' the pr~oduc~t

0111onY, it is merely a question of' th~e relative inf luence, of'
-vie loading on thea ve'locity~ and attenuation. The addition of'
diff'erent fillers to Hiycaro OR-15 cuauses -2 varied effect = tch~ lo,3,
fa3ctor for the Young's modualus depending again on the type. and"
amount (zea Figure 36). At: 10 parts m~ost of' the fillers in,.ras
the loists factor sonmewn~at, the grea~test incr-ease occrigwith M02:?
anid Cel~ite 505. At 50 parts the Zreint'orcirg fille:ý,9 such as ...
H.N.F.. and Silonýý EfF.,, rasult In decreae-JS in loss.' ti'e ln;.gost
decrea~te occurriig, -with E.P.G.. the most rial~oicirig of the fillerF
T102 1 Callte 505 and F.T. black appear to causce a leveli.ng off' an,)2.
e'veia a CsIiaht increase at 50 parts fillei conce ntration. On tha
b"-sis of the data obtai~ned with Iiycar CR-45, it is~ quite probc~ble
thnt at: loadings grenter than 50 parts,, ron-r~i~nforclng blacks or
non-blacks inay result in h.igher loss factors liOssibkly due to fric-
tionial losses between the filler particles.

28 As with the other acoustical properties studiedg thae use
of a plas.tic~izer can result in wide differences in the loss ft:otor'

3,6
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f'or the Young's modulus (see Figure 14). Dibutyl phathalate in
Hycar ORL15 result~s In a large decrease iii loss in contrast to
obtained for the same plasticizer. PicCQ Z5 also results in
decreased loss factor but Cumar P-25 Inarzases. It s-lightly.,
Referring to Figure 26 and 34 we observe that the Picco Z5 &xi~ects
the velocity (and therefore the wavelengt'h) very 1ittlo and
causes a slight ýdecrease In the attenuation. The results is a
decrease in attenuation per -wavelength (it-Ld a loviez loss faotc~r),
The Cumar on the other hand causes a noticeable increatse In
velocity but very little change in attenu.atiozm, The~ result -1
this case leads to 6 large attenuation Der viavelexigth.-

I

29. In connection. with the discussion o1f the loss f~actor~ it
might be of' interest to ýconsider the terv ItreslliericWt whic t i~s
f~requently mentioned in rubber work. Accordinig to 6$hayi (raf,.,mýenca
1) the "resi~lience Is the ratio of energy given up on IreCOVC2'1ng
fronm deformation to the er~rgy required t~o produce -the deforu3;ation"'6
As pointed out in Sectioni 8 anid In Figure 2 the~ eniergy wrhich :L no"';
returned but dissipated ix-- the form of' he --t Is proportional to -the
loss fator. The rasilience Find loss fac tor then ari comrpgrericntairy
terms; that is, a inateridt with a higeh 2rvillence has P low lI~css
factoir and vicle ve~rsa. A discusslon of~ resilflence 'tasts and a
complete bi~bliography are given in refereae (1). The resilt-once
can be derffved for slynusoidal def'orwatioxou3 at small amnplitudce froxi
acoustic d&t~a,, but most of the resuilts qv'oted in the :utorte , '-.e aria

obt~iine~3 ±%c act test~s and it Is well.. to lkoep thisi in Min~
-when cornparing data. Ref rring to the woc:- of i~hav (ref7x'w 1.)
we find thtthe clastomers; witth the highas"t _,3hercent resil; ,to-xe
are rieoprcrw, natural rubbor,t and Gfl-S which accord~ing to 0-1- data-.
are among those with the lowest lo~ss ffactor. on tho Othvr~.
eiastomcors, with the loyweist reillprep such as butyl. ane! ffycfuu O.R-12r
have the highest loss factors. In regard. to p"Lasti'cizer's- thli.
addition of~ dibutyl phtha2ate to Hycar OR '15 res~ult~s in ain inrieease
-In res~illence and a decrea-se In loss factor whareas Cunia:. P-<4!ý
re~uJlts in s- docricase in resilionce and ýca incr~ease in 'tha lofs
-Nc1tor. The addItion of' jilhiers i.s reported to result in a
doerease in resilience (which wiould mean an Increase in the o s s
factor). Inr general this has not been true In our tests'. F~lvever,,
tha relat-irr,ýh.I.Je betweer± the impact P95111ence and -the acboujt3ic
loss factor is not too clear and requi're~ further study.0

30. Los.s factors obtained in t~he ball,, modulus testv, althou~gh
of a lower magnitude than those obtained In the Youn~gs inodithaOs
test,arG similar in certain respects. Vulcanized gu~m butyl has
the~ highest; loss and GR65 and natural rubbar err, among thc
lowest, E.PP.Co black ecau~es a sharp decranse in the loss Pac-or
In both the but~yl and Hycer OR-345 alustou2ers &1though -severv.1K Of
ths rubbersm do show an Increase In loss on the addition of' F3L C.C

-3?
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At concentretions of 50 parts several of th~e fillerg including
TiO2 t Celite 505~ and F. T. black tend to cause an Increase in
loss. This is slmilar to the effect obsorved in th(,, loss fac-tors
in the Young's modulus measurements* Pliksticizers vary in their'g
effect and as In the Young's, modulus test;, the addit;ion of' Cu-mar
P-25 Increases the loss. Due to basic iraccuracies in measur.i1ng
the very small loss factors too much significance should not be
given to small differenices, The fact that the unloade6 butyl
gives a loss factor substantially above any other material At, ; s taad
is perhaps 'the most significant result of the measurisments! of'
this factor,

3l* On the basis of' the work covered In this iThvestigation~
It Is apparent that within certain limitations wide variations
in acoust-ical properties of' rubber elastomers can'be obtained by
thog use of varying amounts and types of' comnpounrding ingrediants.
Th*? limitations on tha dogree of variatia.- depend to a cons±&,-r-
able extent on the bazic atcoustleal. Propert1.,ies of' tl-i. elastomer
which are a flunctfor of its~ narticular molecular str'ucture anid
up~on the phyrsical propertias desirad for a spazoiIic application4 .
Thaus In mat-2hing the Impedance of' water, it Is ýevident from tlba
data presentead that several rubbers, (GR-S. NR, and G.R-I) can be
matched vory easily by- the addition of carbon bolack fI~llers. On
the other hand, elastormers such as neoprona and 1lyear OR-lq ha-ve
such high initial velocities thiat high loadiogs of low densi%'y"
plasticizer would be ra'qu--lred with a cons.'darable re~ducition In
physnical prope-rties.

32 Further work in tho study of' the a~ffect of compoundXtiq
ingredients on loss, factiors and4 other pertinent accustical
properties is~ indicated. Although the .Yo:-Lik in this Investigation
has been limited to a relatively s~mall nuiiber of fillars and
plasticizer39 deil~nite trends appenred to bd developing and sliould
be pursued f7urther. ~For example, teveral of' the non-reinforcing
f! ,llers at M~gher conaentratlons give some ev~idefice of increasing
the lossi factor. The use of' selected pla:..ticizers may also "00 a
factor. in obtaininz highe.r losses. Of- tho elestomers st1,udied.
butyl In tho vnilcanized gumi state has the highest loss factor
although the incorporation of' a carbon black,(P.~ result.'" in
should be carried out, with particular emphasis on variations In
unsaturation content, inl "fi1lers arnd plasticizers and mill~.ng and
molding procedures.
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Ff6.16
REAL PART OF YOUNG!S MODULUS OF IIYCAR vs NUM13ER OF
PARTS FILLER FOR VARIOUS FILLER TYPES. FREQUENCY= 1.5 KC
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FIG.18
REAL PART OF BULK MODULUS OF HYGAR
OR-15 vs NUMBER OF PARTS FILLER FOR

VARIOUS FILLER TYPES.FREQUENCY=5KC
T= 30 oc
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FIG. 20
REAL PARTS OF THE YOUNG'S MODULUS AND

THE BULK MODULUS OF HYCAR OR-15 vs NUMBER
OF PARTS PLASTICIZER. FREQUENCY=i.5KC

T=30 *G
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FIG-21
COMPARISON OF THE REAL PART OF THE YOUNG'S

iMODULUS WITH DUROMETER READING FREQUENCY= 1.5 KC
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FiG.23
STRIP VELOCITY iN HYCAR OR-15

vs NUMBER OF PARTS FILLER
FOR VARIOUS FILLER TYPES
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FIG.24
STRIP VELOCITY vs NUMBER OF PARTS E.P.C.

FILLER FOR FOR VARIOUS BASIC RUBBERS.
FREQUENCY=5 KC
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FIG. 25
PERCENTAGE INCREASE IN STRIP

VELOCITY FOR VARIOUS
BASIC RUBBERS vs NUMBER OF

PARTS E.P.C. FILLER FREQUENCY=5KC
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FIG.26
STRIP VELOCITY IN HYCAR OR-!5 vs

NUMBER OF PARTS PLASTICIZER FOR VARIOUS
TYPES OF PLASTICIZER. NO LOADING
UNLESS INDICATED.FREQUE NGY=5KC
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BASIC RUBBER HYCAR OR- 15
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FIG. 27
BULK VELOCITY IN VARIOUS BASIC RUBBERS

AS A FUNCTION OF TYPE AND AMOUNT OF FILLER ANDPLASTICIZER CONTENT. FREQUENCY= 1.5 KG
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FIG.28
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FIG,29
CHARCTERISTIG ACOUSTIC IMPEDANCE

(pC) vs NUMBER OF PARTS E.P.C
FILLER FAR VARIOUS BASIC

RUBBERS. FREOUENCYm 1.5KC
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FIG.30
COMPARISON OF CHARACTERISTIC ACOUSTIC IMPEDANCE (pC)

OF HYCAR OR-15 FOR VARIOUS TYPES AND
AMOUNTS OF FILLER AND PLASTICIZER.FREQUENCY-5KC
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FIG. 31
STRIP ATTENUATION IN HYCAR OR- 15

vs NUMBER OF PARTS FILLER FOR
VARIOUS FILLER TYPES. FREQUENCY=5K0
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FIG.33
RATIO OF STRIP ATTENUATION IN LOADED
TO THAT IN UNLOADED BASIC RUBBER vs

NUMBER OF PARTS E.P.G FILLER. FREQUENCY=5KC
T--5 0oC
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IA [FIG.35

LOSS FACTOR ASSOCIATED
WITH YOUNG'S MODULUS

vs NUMBER PARTS E.P0.
FILLER FOR VARIOUS

BASIC RUBBERS. FREQUENCY= 5KG
T=30oC
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FIG. 36
LOS§ FACTOR ASSOCIATED WITH

WITH YOUNG S MODULUS FOR HYCAR OR -15vs
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